KOCTH k,. Tak Kak cuTyalms CHMMETpUYHa, JOCTATOYHO PaccMOTpeTsh caydait z > 0. B 3toM ciydae
KOHTYP MHTCTPUPOBaHMA TIO kz bopMyIEr (8) MOXHO 3aMKHYTH TIOJYOKPYXHOCTBIO GQIBIIOTO pamiyca
B BepXHe ITOIYIDIOCKOCTH Imk > 0. ITpu nocraTouHo Gombumx Z TIOABIHTETpAIbHAA YHKIAA 3KC-

TIOHCHLIMAJIbHO CIPEMUTCA K HYIJIO TIPH CTPEMJICHWM pajiiyca IIOJyOKPYXHOCTH K GecKoHeuHOCTH. W3
TeopeMbl Koy o BErYeTax Tereps cienyer , 9ro

[} dk, A (k,)e* =2m3 Res A, k)",  Rek™>0. (16)

BeryeTs B NpaBo# YaCTH HETPYNHO BEIMMCIWTD C YIETOM BBIPAKEHWI (9), (10). OxmHako monydae-
MBIC BBIDAKCHW NOBOJILHO I'DOMOSNKHM, M MBI MX 3/1cCh BHOTMCHIBATH He OymeM. 3aMeTWM JMIOb, 9TO
TIEPBBIE CIIATAEMEBIE B KBAJpaTHBIX CKOGKax (10) peryiapHBI M He [aloT BKIaZa B TIONEe W3IydeHWs BHYT-
PY LIWIAHApA.

Ilpuaoxcenue.
YpasHeHue (12) MOXHO 3arcaTh B BHIE
' . ’ ’ ’ 2 2 2
doom_ g daly 8B, g Ju) mf B4 &) (IL.1)
{{m Jm 80 H- J- plz A? j’: 80

me H, =H, (4p),J,=J,(4p,) , a mrpux osHauaer IpoM3BOIHYIO 10 APryMeHTy GYHKIAML.
Berurs u3 (I1.1) cooTBeTcTBylOmIEe KOMILIEKCHO-CONPSDXEHHOE YpaBHEHME M BOCTIOJB3OBABIIVMCH BE-
LIECTBEHHOCTHIO /'L,2 , TIOIyIuM

d|eg A2 d
—|2h|H, |* -2 InJ, |-—In| —=|=0. IL.2
dp, l:ea l I /‘Ltz)( goJ ] dp, iy oy

Ilpy MH¥MOM A, 9TO ypaBHEHWE YHORJIETBODAETCA TOXIECTBEHHO, BCIEACTEHE TOTO, ITO BTOPOi

MHOXMTEJIb PaBeH Hyimo. Ilpu neftcreurenmsrbx xe A, s1or Muoxwrens paer 4i/[7(J2 +Y2)]#0 u
ypaBHeHve (I1.2) sKBMBaNeHTHO OGpAIECHMIO B HYIJIb IIEPBOrO MHOXWTENA. ITOICTARIIIA M3 3TOTO YCIO-
mux d(InJ, )/ dp, B ypasrenme (I1.1), ToCHEe HECIOXHEIX TIPe0GPA3OBAHIIA IIPUXOMUM K YPABHEHUIO

d H e m'olk’e g2 Y
ke 1 0 _0—. ] il . TL.3
dp, [ (H & le plz/»l(z) 3 { 812] ]

KOTOpPOE HE MMCET PEIICHUI. i,
Bripaxaro vckpeHHIOIO GrraromapHocTh Ipodeccopy A.P. MKpTuaHy 3a NOCTOSHHELL HMHTEpEC K
pabore ¥ momnepxky, a Takxke JLIII. I'puropsHy 1 A.A. CaapsHy 3a ITOCTAHOBKY 3afad¥l M MHOTOYMC-

JIEHHEIE CTHMYJMPYIOIUe OOCYXICHMH.
" PaGora BeIOIONHEHA B paMKax rpaHTa 96-703 MusHucTepcTBa 06pa3oBaHusa ¥ HayKu PA.
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CORRELATED FAST ION STOPPING IN MAGNETIZED CLASSICAL PLASMA
Nersisyan H.
Division of Theoretical Physics, Institute of Radiophysics and Electronics

The results of a theoretical investigation on the stopping power of ion pair in a magnetized electron plasma are presented, with
particular emphasis on the two-ion correlation effects. The analysis is based on the assumptions that the magnetic field is classically
strong (Ap«a.«Ap, where As, a. and Ap are respectively the electron de Broglie wavelength, Larmor radius and Debye length) and
that the velocity of the two ions is identical and fixed. The stopping power and vicinage function in a plasma are computed by
retaining two-ion correlation effects and is compared with the results of the individual-projectile approximation.
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2 mquijgywd wpgbjulnuip dwqGuwwlmy] quuulpuG ujwq-
bhpu]lu_]ulﬁ L2 u(? R ul:f: i?;i[;l;hctw;mgulﬁp htnmuwgmmjwd t g ipuwwipnn] upuqiwind 2wpdynn hnGw-
W md: bnl!\fw"ﬁl"ﬂgll' nq‘“lq ﬂlfgiﬂ: Bpunpynu £, np pnGaGhph wpwqnipyniGGtpn 6myG6 b6 L wihninju, hul SwqGh-
JhG qnujgh wpqpuiin 23 gg si'dhn t (wyuhGpl As«accin npmtin 45-6, 4G b A5-G tibijwpnGGbph huiwyunuujuwGw-
uwlwl quynp quuwijning mG6 t, Lwpinpywl zununhnn b Hbpwyh bpiwpnipmip): Mpuqiwgn Jwpdynn hnGGlph
pwp 2k Bpnhih wihph h{lﬁlguﬁnég{thg we wpgbpuiiwG  $niGlhghwl hwaijwd &6 plwhG whupny b hodtdungud 56
E’ﬁﬁﬂ“aﬁiﬂ?ﬁﬁﬂmﬁ hbn' quiquizgnuiGbph puiguiljumpyw( nhuypnul: %
He can I. KoppeJmpoBaHHOe TOPMOXEHHE CKOPOCTHLIX HOHOB B MAIrHATOAKTHBHOH KJac-
ik : C OM ZBYXYACTHIHBIX KOPPE/ALMIt MCCICIOBaHA MOIIHOCTS TOPMOXKCHUA MOHHOM Naphl
SRR mmau;. mm{aq:rr[pemonmca, YTO HOHHI ABHXKYTCA C ONMHAKOBHIMH IIOCTOSHHBIMH CKOPOCTSIMH,
= mmm’mmem'mccmecm CHJIBHBIM (T.€. Ap«a.«Ap, THe Az — Jle BpoiluioBcKas IUIMHA BOJHHI, 4, —
et ¥ Ap — JdebacBcKas JUIMHA SJICKTPOHOB COOTBETCTBEHHO). ITDOBEACHB! YHMCICHHBIE PACYUCTHI
e rlzagyn;lmupxoppe.mponmom TOPMOXKCHHS HOHHOM IapH M IOJYYEHHHE PE3YJIBTaTH CPaBHEHBI
gﬁ‘;ﬂﬁ OIMHOYACTHYHOTO NPHOITKCHHS, KOTNa KOPPEJIAIMH MEX/Y HOHAMH OTCYTCTBYIOT.

i ction of a beam of fast charged particles with a plasma has been attracting more and
more mT‘:risI:r:f:f: I:Sft t)I;e‘iar]lslti‘:xmconnection with the proposed sclfe.me of inertial confinement fusion based on the use of
heavy-ion beams to drive the DT target towards the igniﬁop conditions [ _1]. ¢ B

Several physical situations can be conceived in V&_’thh the beam ions are clgsely spaced so that their stopping in
the ionized medium is not exactly that of charged particles whose dynamics is independent of the presence of each
other, but suffers from mutual correlations [2, 3]. It can be. the case of very high-density ion beams or, more
realistically, when ion clusters are to be used instead of standard ion beams [4]. :

The nature of experimental plasma physics is such that experiments are usually performed in the presence of
magnetic fields, and consequently it is of interest to investigate the effects of a magnetic ﬁeld. on the stopping power.
The strong magnetic fields used in laboratory investigations of plasmas can ap_precxably mﬂupnce the processes
determined by Coulomb collisions [5]. This influence is even more 15mp%‘tant in white dwarfs and in neutron stars, the
magnetic fields on the surfaces of which can attain strengths up to _10 =10 kG. j i

The stopping of uncorrelated charged particles in a magnetized pl_asma has been the subject of several papers [6-
9]. The stopping of a fast test particle moving with a velocity # mich higher than the electror_l mm velocity vy was
studied in [6, 8]. The energy loss of a charged particle moving with arbitrary velocity was studied in [7]. The expression
derived there for the Coulomb logarithm corresponds to the classical description of collisions.

In ref. [9] expressions were derived describing the stopping power of a slow charged particle in Maxwellian
plasma with a classically strong (but not quantizing) magnetic field (45 « a. « Ap, where A3, a. and A, are respectively
the electron de Broglie wavelength, Larmor radius and Debye length), under conditions such that the scattering
processes must be described quantum-mechanically. ;

Here we present an evaluation of the stopping power of a ion pair moving in a warm collisionless plasma placed
in a classical strong homogeneous magnetic field, with the aim to show under which conditions correlation effects can
be important and how they modify the single-particle expression of the stopping power. -

A uniform plasma is considered in the presence of a homogeneous magnetic field B, which is assumed
sufficiently strong so that 4 « a. « Ap. From these conditions we can obtain 3x10~° n,'><By<10°xT (n, and T are
respectively unperturbed number density and temperature of plasma), where n, is measured in cm™, T is measured in
eV and B, in kG. Because of this assumption, the perpendicular cyclotron motion of the ions and plasma electrons is
neglected. Eon et
Let us analyze the interaction process of a two-ion system moving in plasma. The interionic vector is 1. Also, due
to the high frequencies involved, the very weak response of the plasma ions is neglected and the Vlasov-Poisson
equations to be solved for the perturbation to the electron distribution function, /i, and the potential ¢, are as follows:

(:_t+(bv)(bv))fl(r,v")=—i(bv¢)(b:a%)’ (1)
Vip= ~47e[Z,8(r —1 - ut) + Z,6(r - ut)]+ 47ce_[ avfi(r,v,1), @

where b is thg unit vector parallel to By, f; is the unperturbed electron distribution function which is taken to be uniform
and Maxwellian, u is the velocity of two ions. Here, Z;e and Zoe are the effective charges of the two ions, assumed to be
constant throughout the slowing-down process.

By solving the egs. (1) and (2) in space-time Fourier components, we obtain the following expression for the
electrostatic potential:

4 ze exp[ik(r — ut)] g
b)) = dk = 3
_o(r,0) 2n)’ I k2t i [Z? + Z; exp(-ikD)], ©)
where
i 1 (0] 4
S(k’m)_1+k22.f, W(Ikblvr) 4

is the longitudinal dielectric function for a Maxwellian plasma placed in a stron; magnv etic field and W(&=A(E+iB(d) i
the plasma dispersion function [10]. p 5 3 Sl e

The stopping power of the ion pair can be com uted by summin the forces acting i
electric field induced in the plasma; it reads : ’ o e e
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aw
SE_;=(212 +ZZZ)Sind +2ZIZZScorr(])’ (5)

where
47e? ku -1
Sid = ———— | dk—Im ——— ©)
fnd (2,:)3:,.[ 2 e(k ku)’
4 e~ ku =
S =——— | dk —Im —— @)
corr (2”)31“[ k2 Im s(k,ku)cos(kl).

There are two contributions to the stopping power of two ions. The first one is the uncorrelated particle
contribution and represents the energy loss of the two projectiles due to the coupling with collective plasma modes (the
first term in eq. (5)). The second contribution is responsible for the correlated motion of two ions by means of the
resonant interaction with the excited plasma waves (the second term in eq. (5)). Both terms are responsible of the
irreversible transfer of the two-ion energy to plasma through resonant electrons.

The stopping properties of the medium can be also conveniently described in terms of the partial range defined
as follows:

2 et ®
: S(E;)

where Ej, is the injection ion energy and E is the actual value of the ion energy during the slowing-down process. For
E =0, R(0) gives the penetration depth (range) of the incident particle.

Let us begin with the evaluation of the stopping power of two ions with the same effective charge Ze. For an
arbitrary relative position of the two test ions, the expressions of the uncorrelated (proportional to S;,) and correlated
(proportional to Se.r) stopping powers of the ion pair becomes:

2 2
e |B), B*(M) +(s2 + A(A)) s2 + A(A) A(A)
ind (4) 2222 | 2 n B2 T AP A(R)| arctan O i TN

R(E) =

S... (1,9,2) 2¢? B(z)r k>dk O (kL cos 8 kL sin 9) 10)
2V = C) Y &4 s KL 81 g
# corr 723 o [k* + 4(1))% + B2(2)

Here
el
Q(a;b) = J.o cos(ax).J, (b 1—x? |xdx, ¢8))

Jo(2) is the Bessel function of the zero order, 9 is the angle between the interionic vector I and the velocity vector u,
L=l7p, 2=ulNy, sKpaxAp With Kpe=1/rmn, Where iy, is the effective minimum impact parameter. Here k. has been
introduced to avoid the divergence of the integral cansed by the incorrect treatment of the short-range interactions
between the ion pair and the plasma electrons within the linearized Vlasov theory. The value of k., will be 1/a. for
fusion plasmas, since the magnetized plasma approximation which neglects the perpendicular motion of the electrons
ceases to be valid for collision parameters less than a..

Consistently with the notation introduced above we separate the single-particle contribution from the correlated
one of the stopping power. Then, defining the inferference or vicinage function () as [2, 3]

Scorr (1,3, 2)
1,8,4)= Gm‘—’ (12)
: Z( ) Sind ('1)
expression (5) can be put in the form
S =228, 0+ 2D) 13)

Here, y describes the intensity of correlation effects with respect to uncorrelated situation. In the case of the fast ions
(A»1), from expressions (9) and (10) we obtain:

L L
v(1,8,2) = ZQ(I cos ; Isin .9). , (14)
For two values of the orientation angle 9= 0° and 9 = 90° the expression (14) for vicinage function becomes
[11]: :
=2 = ;
2(,0.4) ( (L17) (L1A) )
272, 0) = s T (LI ae)

where J; (2) is the Bessel function of the first order. :
Fig. 1 shows y as a function of L and § for 4 = 10 and s = 10. It is shown that » can decrease or increase for
large 9-value, depending on the interionic distance / (see also expressions (15) and (16)). Meanwhile, the correlation
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: Fig. 2. The vicinage function y vs. A for 9=0° and 5=10.
Fig. 1. The vicinage function 7 vs. L=I/Ap and & (degrees). The Dashed line: L=1; dotted line: L=11; solid line L=21.
parameters are: A=10, s=10.
decrease in plasma in the absence of magnetic field [2]. It should be clear that thi_s effect _is
egcelf:utsnted by thefgll;algt:gt:ri.f‘!:;::tl'ostgﬁc potential of test charged particles in magnetized plasma. As shown in [12_]. in
fhe frame of the test particle, moving in a plasma placed in the strong magnetic field (a. < Ap), the part of spatially
illatory potential has spherical symmetry over the hemispherq behmd.the particle and is zero ahead of the pt'mlclt.a.
S)Is‘hcﬂs'e'c?orx}lrd part has different character, which makes the potential continuous at the plane containing the particle, is
oscillatory in the radial direction, but decreases almost monotonically in the axial direction. : 7
Figs. 2 and 3 show y as a function of 4, in the cases of 9= 0" and 9= 90" respectively, for dlfferentvagues_o .
As expected, correlation effects increase in the high-velocity limit or for_small L-values. In the cases of 4 ¢ 15°, 9=45
and 9= 75° the correlation effect between two protons is shown inzglg. :13, where t?e total range R_((_)) is shown as a
function of L. The parameters are: E;, = 9.2 MeV, T= 100 eV, np= 1(_) cm™, By = 10. kG (such oondlpons are possﬂ_)lc
on the surface of a neutron star). The halving of R(0) (corresponding to the doubh.ng of the stopping mer), with
respect to the case of two uncorrelated protons, is shown. It should be clear that test-ion flsensmes corfespondmg tol=
u/ o3, are unrealistic for conventional ion beams. However, small interionic distances (= 10~ cm) occur in clusters [4].

1 [-'-__-:-"-'F—
1 70
08
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08 éo
= ‘_.—’. 40 ha i . AV’\‘
02 - i A/I \/
. 20 <}
001 0.1 1 10 a4 1 0.1 05 1 LS5 10 50 100

Fig. 3. The vicinage function y vs. 4 for $=90° and s=10. Fig. 4. Total range R (cm) vs. L for two protons (E=92MeV)
gDashed lmﬁil; dotted line: L=11; solid line Z=21. movn(x)xﬁ in a etized electron plasma (7=100e,
n=10%cm™, B=10 kG). Solid line: $=15"; dashed line:
9=45% otted line: 9=75 horizontal solid line: uncorrelated

protons.
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